ABSTRACT: Animals accumulate fat in tissues as subcutaneous, intermuscular, intramuscular, and abdominal fat. Genetic interrelationships of respective fat depositions, however, have not been examined in depth. This study estimated genetic parameters for subcutaneous, intermuscular, and abdominal fat areas of 545 Duroc purebred pigs slaughtered at 105 kg of BW. Measurements were obtained using an image analysis system for positions between the 5th and the 6th thoracic vertebra (56TV), at half body length (HBL), and at the last thoracic vertebra (LTV) of the carcass. Moreover, serum leptin, which is a hormone product that is synthesized and predominantly expressed by adipocytes, was measured to determine if serum concentrations of leptin are useful as physiological predictors of fat accumulation in pigs. The heritability estimate of all fat area percentage at the HBL (0.70 ± 0.03) was significantly greater than at the 56TV (0.53 ± 0.03) or the LTV (0.55 ± 0.04). Furthermore, the heritability estimate of subcutaneous fat areas at the HBL (0.71 ± 0.04) was greater than at the 56TV (0.56 ± 0.04) or LTV (0.60 ± 0.03). Moreover, high heritabilities were estimated for ultrasound backfat thickness (BF; 0.72 ± 0.03) on the left side at the position of HBL, intramuscular fat content of the loin (0.51 ± 0.03), the seam fat score (SFS; 0.49 ± 0.04), and the serum leptin concentration (0.62 ± 0.05). Increased genetic correlations of BF with the fat area percentage of subcutaneous fat and all fat at 56TV (0.90 ± 0.03 and 0.91 ± 0.03), at HBL (0.88 ± 0.03 and 0.94 ± 0.01), and at LTV (0.88 ± 0.03 and 0.90 ± 0.02) were estimated. The genetic correlations of serum leptin concentration with the percentage of subcutaneous fat area and all fat areas at each position were also high (0.72 to 0.82 and 0.83 to 0.84, respectively). These results suggest that BF and leptin are good indicators of selection for decreasing fat deposition. Increased genetic correlation of the SFS with intermuscular fat area at 56TV (0.74) suggests that SFS is an effective indicator for decreasing intermuscular fat. The genetic correlation between the leptin concentration and feed conversion ratio was high (0.75 ± 0.04). Results of this study indicate that the combination of BF and serum leptin concentration is a valuable indicator that can be incorporated into selection programs to improve carcass quality and feed efficiency in pigs.
INTRODUCTION
Backfat thickness has been used as a selection trait to increase the carcass lean percentage of pigs. However, a conflicting relationship exists between pork quality and increased lean meat production (Sellier, 1998) . To some degree, intramuscular fat is necessary to increase the eating quality of meat. However, because extra fat at other body positions (subcutaneous, intermuscular, perinephric, and retroperitoneal) unnecessarily raises feed cost, the limitation or reduction of this extra fat is important. Therefore, to decrease subcutaneous, intermuscular, perinephric, and retroperitoneal fat without decreasing intramuscular fat, these fat depots must be measured separately. Then the genetic relationships among these fat depots must be estimated. Image analyses of cross-sectional areas of dressed carcasses are effective for estimation of separated fat in pig carcasses (Suzuki and Nishi, 1993) .
Leptin is synthesized primarily by adipose tissue and is secreted into the bloodstream. Leptin affects feed intake, the neuroendocrine axis, and immunologic pro-cesses (Barb et al., 2001) . Leptin functions, through interactions with the leptin receptor in the hypothalamus, as a regulator of BW, feed intake, and energy expenditure (Houseknecht et al., 1998) . Circulating leptin concentrations are correlated with the regional distribution of body fat in cattle (Yamada et al., 2003; Nkrumah et al., 2007) . Nevertheless, in pigs, little is known about the genetic relationship between serum leptin concentration and accumulation of these fat tissues (Berg et al., 2003) . This study is intended to estimate the genetic correlations among fat deposition at various positions and meat quality traits and to investigate the usefulness of serum leptin concentrations as genetic indicators to predict fat accumulation in pigs.
MATERIALS AND METHODS
The research protocols followed Japan's Pig Performance Test Guide Book (Japan Pig Registration Association, 1991).
Animals and Management
This study examined 545 Duroc purebred pigs. These pigs were of a line that had been selected for 7 generations during 1995 to 2001 at the Miyagi Prefecture Animal Industry Experiment Station (Miyagi Prefecture, Japan). Details of the selection method were described previously by Suzuki et al. (2005) . Selection criteria traits were the following: daily gain from 30 to 105 kg of BW (DG); loin-eye muscle area (LMA) and backfat thickness (BF) on the left side at the position of half body length (HBL) at 105 kg of BW measured using ultrasound technology; and intramuscular fat content (IMF) measured in the loins of slaughtered sib pigs. The average population size of each generation was 15.6 boars and 44.5 gilts. Gilts farrowed only once, and boars were retained for use during one 4-to 6-wk breeding period. Thereby, a new generation was obtained each year. Pigs were weaned at 4 wk. At 8 wk, 1 to 2 male piglets (total 50 piglets) and 2 to 4 female piglets (total 100 piglets) per litter were selected as candidates for boars and gilts based on their respective BW at 8 wk. About 80 piglets in all, consisting mainly of boars and some gilts from each litter, were selected for full-sib testing in each generation. This first stage of selection was conducted within litters. Boars were subsequently castrated for full sib-tests. Performance tests began when the BW reached 30 kg; testing ended at 105 kg of BW. The BF and LMA were measured on 105-kg animals on the left side at the position of HBL using an ultrasound (B-mode) color scanning scope (SR-100; Kaijo Corp., Tokyo, Japan). Computer software determined LMA. Pigs were provided ad libitum access to a specially ordered formula feed containing 15% CP, 78% total digestible nutrients, and 0.76% lysine content on a DM basis during the testing period from 30 to 105 kg of BW throughout the 7 generations of this study. Pigs had free access to water. Boars were reared individually in performance testing pens. Their daily feed intake (DFI) was calculated from 30 to 105 kg of BW. Gilts and barrows were reared in growing pens with group feeding in a concrete-floored building with 8 pigs per pen, which allowed 1.2 m 2 floor area per pig.
Image Analysis
Pigs for full-sib tests (barrows and gilts) were slaughtered using manual low voltage (200 V) electrical stunning 24 h after feed removal with free access to water. Processed dressed carcasses were placed in a refrigerator as soon as possible. After the dressed carcass was cooled in a refrigerator to 4°C during 24 h, the left half of the carcass was cut at a position between the 5th and the 6th thoracic vertebra (56TV), at HBL, and at the last thoracic vertebra (LTV), and a picture was taken of the cutting plane with the rule. Subsequently, the areas of subcutaneous fat, intermuscular fat, and abdominal fat were measured using image analysis software (Image Hyper 2, Digimo Motion, Osaka, Japan). Here, the all fat area was defined as the sum of each fat area. After that, the percentage that each area of fat contributed to the overall area (including fat, muscle, and bone) was calculated. Because the distinction between perinephric fat and intermuscular fat was not clear, they were collectively designated as intermuscular fat; retroperitoneal fat was classified as abdominal fat (Figure 1 ). Image data processing was done according to the following procedure: 1) image taking, 2) scale setting, 3) dynamic range expansion, 4) binarization, 5) binary image manual correction, 6) particle removal, and 7) image measurement following the Image Hyper 2 software manual. Seam fat (intermuscular fat) scores (SFS) at the 6th-rib interface were evaluated using the NPPC (1976) evaluation method (1 = slight, 2 = small, 3 = moderate, 4 = abundant, and 5 = very abundant).
Chemical Composition Analysis and Serum Leptin Assay
For measuring IMF, a 7-to 10-cm-long piece of the loin (2 thoracic vertebra sections above the last rib) was taken from the left half of each pig carcass. Two minced loin meat samples of about 20 g were analyzed using the Soxhlet Extraction Method (AOAC, 1990) to determine IMF. Blood samples (10 mL) were collected from a jugular vein of slaughtered pigs of the 5th to 7th generations at the time 105 kg of BW was reached. After centrifugal separation for 15 min at 4°C with 1,500 × g, the serum was preserved at −20°C until used for assay. The serum samples were frozen at −20°C until they were assayed. The leptin concentrations were measured using a multispecies RIA kit (Linco Research Inc., St. Louis, MO). Human leptin was used as the standard in the assay. Intrassay CV and minimum detectable concentrations for leptin were 2.66% (for low-ranged dose) and 4.19% (for high-ranged dose) and 0.07 ng/mL.
Statistical Analyses
Selection traits of DG, LMA, BF, and IMF, and DFI measured only in boars, along with the respective fat areas, and serum leptin concentration were used to estimate genetic parameters. Seven generations of pedigree information of 1,642 animals with data of 152 ancestors born before the 4th generation (total 1,794 animals) were included in these analyses. The VCE4.25 program (Neumaier and Groeneveld, 1998 ) was used to estimate (co)variance components and their respective SE, heritabilities, and genetic and residual correlations. Because the variation of BW when the performance test finished at 105 kg of BW was very small (average, SD, and CV were 106.8 kg, 2.4 kg, and 2.2%, respectively), this BW was not considered as a covariate.
The following multiple trait animal model was used for analyses to estimate genetic parameters:
where Y ijklm = observation for trait i, μ i = common constant for trait i, G ij = fixed effect of selection generation j for trait i. This selection generation effect included the environmental effect at each generation. S ik = fixed effect of sex k for trait i, a il = random additive genetic effect of animal l for trait i, and e ijklm = random residual effect for trait i. Table 1 presents the mean, SD, and heritability estimates of LMA and BF at the position of HBL as measured using the ultrasound machine, in addition to DG, IMF of loin, the SFS of the carcass, serum leptin concentration, and the carcass cross sectional fat area percentage of subcutaneous fat, intermuscular fat, and abdominal fat measured at the positions 56TV, HBL, and LTV. The heritabilities of BF, IMF, and serum leptin concentration were high. The SFS, which presented the degree of intermuscular fat accumulation at the 56TV, showed moderate heritability of 0.49 ± 0.04. The heritabilities for the area percentage of subcutaneous fat and all fat were high. The heritability estimates were 0.16 to 0.41 for intermuscular fat percentage and 0.32 to 0.48 for abdominal fat percentage. Table 2 shows genetic and phenotypic correlations among meat production traits (DG, LMA, and BF), meat quality traits (IMF, SFS), serum leptin concentration, and the carcass cross sectional fat area percentage of each position. Ultrasound BF was highly correlated, genetically, with subcutaneous and all fat area percentage at each position. The genetic correlations of serum leptin concentration with subcutaneous and all fat area percentage at each position were also high. Furthermore, the genetic correlations of BF with subcutaneous fat area percentage at LTV and all fat area percentage at HB (0.88 and 0.94) were significantly greater (P < 0.05) than those of serum leptin concentration (0.72 and 0.83). The SFS was also genetically highly correlated with subcutaneous and all fat area percentage at each position. However, these genetic correlations of SFS with subcutaneous fat area percentage were less (P < 0.05) than those of BF or leptin. The genetic correlations of DG and IMF with subcutaneous and all fat area percentage at each position were less (P < 0.05) than those of BF, serum leptin, or SFS.
RESULTS
Regarding the genetic correlations of intermuscular fat area percentage at the HBL and LTV with BF, leptin, and SFS, no significant differences were found among BF, leptin, and SFS. However, the genetic correlation of intermuscular fat area percentage at the 56TV with SFS (0.74) was greater (P < 0.05) than those with BF and leptin (0.44 and 0.49). The genetic correlations of intermuscular fat area at each position with DG and IMF were less than (P < 0.05) those with BF, serum leptin concentration, or SFS. Finally, genetic correla- tions of abdominal fat area at HBL with BF, serum leptin, and SFS were moderately high. Genetic correlations with DG and IMF were negative, but low. The genetic correlations of abdominal fat area at LTV with SFS (0.64) were significantly (P < 0.05) greater than with BF and serum leptin (0.38 and 0.43, respectively). Genetic correlations of LMA with every fat area percentage at each position were low to moderately negative. Table 3 presents genetic and phenotypic correlations among BF, IMF, SFS, and serum leptin concentration. Genetic and phenotypic correlations of BF with the serum leptin concentration and with SFS were high. The genetic and phenotypic correlations between SFS and serum leptin concentration were moderate. Nevertheless, the genetic and phenotypic correlations of IMF with BF, SFS, and leptin concentration were low. These results suggest that the IMF has low genetic relationships with these traits. The genetic and phenotypic correlations between serum leptin concentration and DFI were low, and the genetic correlation between the serum leptin concentration and feed conversion ratio was high.
DISCUSSION
In the present experiment, increased estimates of genetic parameters related to fat area percentage of Duroc pigs in Japan were obtained. The base population for this selection experiment was constructed by importing pigs from the United States and various local experiment stations in Japan. Large genetic variation of adiposity in the base population seems to cause increased heritability. The population used in this research was a selected population. Although the population size for this selection experiment was small, multigenerational pedigree information was clear. The environmental conditions of the selection were also comparatively constant. Small SE further support the reliability of the parameter estimates.
Results of a previous study showed that the crosssectional fat area percentage from the LTV was correlated with the carcass fat percentage (Suzuki and Nishi, 1993) . Mitchell et al. (2003) reported that a single cross-sectional slice from the loin to the ham region, measured using dual energy x-ray absorptiometry, can predict the percentage of fat in the pork half-carcass with a coefficient of determination (R 2 ) of 0.908 to 0.976. Karnuah et al. (2001) also reported that information obtained from carcass cross-sections using computer image analyses are useful to predict carcass composition in Japanese Black steers. Therefore, from results of present and previous studies, all fat area percentages at the HBL and that of the last thoracic vertebra can be considered as a predictor of overall carcass fat. The heritability estimates for subcutaneous fat area percentage at the 3 anatomical locations (56TV, HBL, and LTV) were greater (0.56 to 0.71) than those for the percentage of intermuscular fat area (0.16 to 0.41) or abdominal fat area (0.32 to 0.48). Although no published reports describe heritability estimates of fat deposition at different anatomical locations for comparison to the present result, the results of this study suggest that the genetic variation of fat accumulation differs according to anatomical location.
The heritability estimate of BF was high. Heritability estimates (0.12 to 0.74, average 0.49) for BF with ad libitum or semi-ad libitum access to food were reported by Clutter and Brascamp (1998) . The strong negative genetic relationship between live measurement of BF and the carcass lean percentage is of special interest for breeding purposes and has largely been exploited by pig breeders since the advent of performance testing of candidates for selection in the 1960s. The magnitude of this genetic relationship appears to remain unchanged in various populations, as described by Sellier (1998) . However, in the present study, low genetic correlations of BF with the area percentage of intermuscular fat and abdominal fat show that another indicator might be useful to estimate these fat measurements. The use of a new technique or device that can assess the whole carcass fat that accumulates deep within the body is preferable for more detailed estimation of the fat deposition. Overall, the high genetic correlation between BF and fat deposition in this study indicates that BF measured at the slaughter weight is a good predictor of body fat content.
Heritability estimates for serum leptin concentration were high (0.63 ± 0.06). High genetic (0.74) and phenotypic (0.56) correlations between serum leptin concentration that was measured at end of the test (105 kg of BW) and BF measured with ultrasound were ob- Table 3 . Genetic (r G ± SE) and phenotypic (r P ) correlations between backfat thickness (BF), intramuscular fat (IMF), seam fat score (SFS), and serum leptin concentration Cameron et al. (2003) reported that heritability estimates were obtained from a selection line using the full-sib component of variation of 0.40 for leptin concentration at 90 kg of BW. In addition, Bunger et al. (1999) reported that plasma leptin concentrations in mouse lines in generation 60 in an unselected control. The mouse lines were developed by long-term selection for fatness to assess the contribution of genetic changes in the leptin hormone concentration to the selection response. Leptin concentrations differed greatly among lines, with the fattest mice showing the greatest concentrations. Correlations between leptin concentrations and fat amount were greater than 0.86 in fed or fasted animals of the line selected for fatness. These results of Bunger et al. (1999) suggest that circulating leptin concentrations are useful as a predictor of leanness in livestock selection programs. However, Cameron et al. (2000) and Berg et al. (2003) measured leptin at the beginning and end of a pig performance test. They concluded that early leptin concentrations were not at all or only slightly associated with BF, plasma leptin concentrations immediately before slaughter correlated more strongly with this fat characteristic. Altmann and von Borell (2007) inferred from a review of numerous studies that estimation of body fat at slaughter based on leptin concentration in early life provides little information. For that reason, the potential for use of plasma leptin as a selection tool in breeding programs is limited because the leptin concentration is related to the fat accumulation at the point of measurement. The heritability estimate produced in the present study was very high. However, all pigs were reared under ad libitum feeding in this study. Reportedly, the genetic parameter is expected to change according to the decrease of leptin concentration under a restricted feeding or fasted condition (Bunger et al., 1999) . Results of the present study demonstrate that the serum leptin concentration of barrows is significantly greater than that of gilts. Berg et al. (2003) also reported that leptin concentration differed by sex, with barrows having greater serum concentrations of leptin than gilts.
In this study, although the relationship between leptin gene polymorphisms and fat accumulation was not investigated, polymorphisms for the porcine leptin receptor gene (Vincent et al., 1997) and the leptin gene (Jiang and Gibson, 1999) have been identified. Jiang and Gibson (1999) reported a lack of association between polymorphisms of the leptin gene and adiposity within 4 breeds of pigs exhibiting high and low BF. The associations between carcass characteristics and specific leptin gene polymorphisms are often population-specific and vary across studies, although the polymorphisms have been demonstrated to be functional (Altmann and von Borell, 2007) . Further study is necessary to clarify these associations.
Regarding the SFS, which reflects intermuscular fat, excessive seam fat is undesirable, because consumers avoid purchasing it. No genetic parameter estimates between SFS and carcass fat accumulation were reported in the literature. Moderate heritability and significantly greater genetic correlation of SFS with intermuscular fat area at the 56TV than BF and leptin were estimated, although the genetic correlation of SFS with all fat accumulation was significantly less than with BF and leptin in this experiment. These results suggest that SFS is an important indicator for decreasing carcass intermuscular fat at the 56TV. However, because the measurement of SFS was performed in slaughter pigs, the efficiency of the genetic improvement is inferior to that of either BF or leptin.
Genetic correlations of the loin IMF measured chemically with BF, the cross-sectional fat area percentage of subcutaneous fat, intermuscular fat, and abdominal fat were low to moderate. Moreover, genetic and phenotypic correlations of IMF with serum leptin concentration were low (0.12 and 0.23, respectively), which suggests that the leptin concentration is not an effective predictor of IMF. Berg et al. (2003) reported that no relationship was found between the serum leptin concentration and marbling in LM in pigs. Because of the reduced leptin expression in IMF and its low fraction of total body fat, it is unlikely that IMF tissue contributes considerably to the plasma leptin concentration (Altmann and von Borell, 2007) . Different lipid metabolism was suggested from the result that genetic correlations of same fatty acids among different fatty tissues of innerlayer and outer-layer subcutaneous fat, intermuscular fat, and IMF decrease as the anatomical distance of the fat tissues increases. Especially very low genetic correlations for C18:2 of IMF with outer-layer and inner-layer subcutaneous fat and intermuscular fat were estimated, respectively, as 0.18, 0.17, and 0.01 (Suzuki et al., 2006) . This result also suggests that different genetic controls determine fat accumulation for IMF and subcutaneous fat, intermuscular fat, and abdominal fat accumulation.
Genetic and phenotypic correlations between serum leptin concentration and DFI were low (0.25 and 0.30, respectively), which suggests that serum leptin concentration was not correlated directly with appetite. Cameron et al. (2000) examined serum leptin concentration in Large White pigs selected for high or low DFI. Their results showed that serum leptin was more correlated with fat deposition than with feed intake. They also reported that the response in serum leptin was primarily attributable to increased fat deposition rather than to the greater energy intake per se. Furthermore, they concluded that serum leptin can be incorporated into selection criteria for genetic improvement of carcass lean content in pigs. In this study, the genetic correlation between the serum leptin concentration and feed conversion efficiency was high (0.75), which confirmed that serum leptin concentration is an effective indicator for use in efficient lean meat production.
In conclusion, results of this study indicate that BF is an effective predictor to estimate overall fat accumulation. The serum leptin concentration was also confirmed as an effective predictor to estimate fat accumulation. Moreover, the low genetic correlation of leptin concentration with DFI, and the high genetic correlations of leptin concentration with feed conversion ratio and LMA suggest that the leptin concentration is an effective indicator for genetic improvement of lean percentage in pigs. However, the low genetic correlation between IMF and BF or leptin concentration suggests that another predictor will be necessary to estimate intramuscular fat accurately.
